A new method for the formation of YBa2Cu30 x superconducting thin layers is described. Between a substrate and a deposited thin layer or between two deposited layers on a substrate, an orthorhombic YBa2Cu30 x layer is formed by a solid state diffusion reaction. Two versions of this method are reported. The first one starts with a BaCuO 2 layer on a hot-pressed Y2Cu205 substrate. The second one starts with an Y2Ba407.CO2 layer on a sintered CuO substrate. A number of the former samples were provided with a capping layer of Y2Cu205. Most of the layers were deposited by laser ablation. The reaction temperature and time were varied between 825 and 900°C and between 0.5 and 6 hour respectively. The best layer upto now was made using a Y2Cu205 substrate with a BaCuO 2 layer and a capping. The resistance versus temperature of this layer shows a T c (50 % drop) of 83 K and a 10-90 % width of 15 K. The resulting layers were characterized by scanning electron microscopy and energy dispersive X-ray analysis. In the layers no preferential orientation of the 123-compound, formed in the reaction zone, has been detected by X-ray diffraction. Suggestions for further optimization are made.
Introduction
The recently discovered high-T c superconductors (I), more in particular YBa2Cu30 x (henceforth called 123), are prepared in bulk and as thin films by a wide variety of methods. Thin-layer technology is important for the possible application of 123-material in electronic devices. Thin 123-1ayers can be made 707 by e.g. plasma-spraying, laser ablation and sputtering (2, 3, 4) . Much effort is being spend on the optimization of the composition and the structure of 123-layers in order to improve the transition temperature, T c and the critical current, I c. Because of the high reactivity of the 123-compound towards most other compounds at elevated temperatures, only few substrate materials have been found suitable yet. Examination of the phase diagram (5) led us to a new method for the fabrication of superconducting thin 123-1ayers. This method is based on the formation of a superconducting thin layer by a solid state diffusion reaction at the interface between two non-superconducting compounds. These compounds are found in the phase diagram at opposite ends of a straight line through the 123-composition, as indicated in fig. i .
In this paper two reactions, leading to superconducting thin layers are described. CuO + Y2Ba407.CO 2 and Y2Cu205 + BaCuO 2 react, if mixed as powders in the appropriate ratio's, to single phase orthorhombic 123-powder. Therefore these compounds were chosen for carrying out the diffusion reactions. The advantage of using CuO and BaCuO 2 in these reactions can be explained using the phase diagram. In this diagram CuO and BaCuO 2 are linked with the 123-composition by a tie-line. This means that the 123-1ayer which is formed at the interface between the two starting phases, is stabilized at one side because it does not react any further with either CuO or BaCuO2, depending on which particular reaction is used. Of course, this only happens if not all CuO or BaCuO 2 has been converted. Because CuO is used as substrate material this cannot completely be converted. Supply of BaCuO2, however, takes place from a deposited thin layer, so care must be taken that at least some BaCuO 2 is left behind after the thermal treatment. Y2Cu205 substrates were hot-pressed at 925°C and 0.5 kbar in air for 0.5 hour, resulting in a relative density of 95 to I00 %. A BaCuO 2 target was sintered at 800°C for 4 hours in air. On the ground and polished substrates 3 pm thick layers were deposited by laser ablation from the target at a substrate temperature of 400°C. Details are given in (3). The resulting layers had a black shiny surface when they were taken out of the vacuum chamber, but obtained a green, granular appearance after 8 few minutes exposure to air. The samples were annealed at a few different temperatures for various times in 02 atmosphere. A heating rate of 100°C/h and a cooling rate of 50°C/h were used throughout the experiments. In order to establish the best annealing temperature for these samples, reactions were qualitatively followed by hightemperature XRD in flowing 02 . The following observations were made.
Initially, at room temperature, no BaCuO 2 was detected on the substrate after laser ablation. Instead an unidentified amorphous phase was present. Between 400 and 850°C BaCO 3 reflections appeared in the XRD pattern. The colour change described above should be due to a reaction of the amorphous layer with CO 2 from the air. At 850°C BaCO 3 dissociated and subsequently reacted to form BaCuO 2. The BaCuO 2 reacted with the Y2Cu205 substrate in a few minutes to form the 123-compound. When the temperature was raised to 900°C, the 123-compound decomposed and Y2BaCuOs, henceforth called 211, and CuO were formed. Apparently the optimum annealing temperature of these samples is about 850°C. It should be noted that the accuracy in the temperature determination is limited, at least plus or minus 25°C.
Samples were annealed for two hours at 850°C. The resistance of such samples was measured as a function of temperature by a standard d.c. fourprobe technique. A broad superconductive transition was observed. Repeating the annealing gave better results. In fig. 2 the resulting resistance versus temperature (R-T) curve is shown. A T c of 85 K (50 % resistance drop) was noted but the resistance above T c remained relatively high. The XRD-pattern of this sample showed the presence of more than four phases, in addition to weak reflections originating from the 123-compound.
In order to avoid the reactions described above of the as-deposited BaCuO 2 layer with CO 2 or H20 from the air, an Y2Cu205 capping of about i um thickness was applied, on top of the BaCuO 2 layer ( fig. 3a) . This capping was also deposited by laser ablation. Six capped Y2Cu205 / BaCuO 2 samples were heat-treated as summarized in Table i . Now most of the XRD patterns showed 123-compound as the main phase. Table I also gives qualitatively the phase composition of the layers, as determined by XRD. Remarkable is the low intensity of the 123-reflections for sample nr 5. Furthermore, a decrease of the 211-reflection intensities is observed for the sample numbers 3, i and 5, which have been annealed for an increasingly longer period, 0.5, 2 and 6 hours at 850°C, respectively. The main features of the R-T curves are also given in Table I .
In fig. 4 a SEM fractograph of a sample with capping is shown, to be compared with the schematic of fig. 3b . This sample has been annealed for two hours at 850°C in 02 . The presence of Y, Ba and Cu as determined by energydispersive analysis of X-rays, EDAX, is indicated. As shown in this figure two layers in which Y, Ba and Cu are detected, are present. On this photo also cracks through the layers can be observed. These cracks can be formed by a mismatch in thermal expansion coefficients and phase transformations in the layers.
In fig. 5 the R-T curve of sample nr i, with the highest Tc(0 ) is shown. In addition two R-T curves of sample nr 5 are shown. The first R-T curve of this sample was measured in the usual way and then the sample surface was scratched and another R-T curve was measured. A considerable change in electrical behaviour of this sample is observed as shown in figs. 6 and 7. This will be explained in the next section. CuO substrates were sintered at 900°C for i0 hours in air, resulting in a relative density of 90 to 95 %. By plasma-spraying Y2Ba407.CO2 powder, layers were deposited on the ground and polished substrates. The layers had a thickness of 8 /mm, assuming a relative density of 70 %. Initially creamcoloured, the layers turned white after a few minutes exposure to air. An XRD pattern of this white powder showed the presence of BaC03, among other unknown phases. The as-deposited layers, however, have not been analyzed. A similar diffusion reaction as described for the Y2Cu205 / BaCuO 2 samples was carried out by annealing for 6 hours at 850°C in flowing oxygen. An R-T curve of this sample is shown in fig. 8 . In this figure a superconductive transition with an onset temperature at 90 K and zero resistivity at 60 K is shown.
The resulting layers were about 8 ~m thick and had a rough surface. In order to obtain thinner and smoother layers, a number of CuO substrates were covered by laser ablation from an Y2Ba407.CO 2 target. This target was sintered at II00°C for 12 hours in air. No capping had been applied, although these layers also appeared not to be stable towards air. A series of these samples was heat-treated in the same way as described for the Y2Cu205 samples, see Table 2 . Although the onset temperature was again 90 K, zero resistivity was obtained only at about 45 K. RT indicates room temperature * layer deposited by plasma-spraying # indicates a non-zero resistance below T c + and -are qualitative indications for X-ray reflection intensities x no R-T curve could be measured
Discussion
In this section first the layers on Y2Cu205 substrates and then those on CuO substrates are discussed.
In capped Y2Cu205 / BaCuO 2 samples after annealing, two regions in which Y, Ba and Cu prevail have been detected by EDAX, see fig. 4 . In the samples without capping, only one such layer can be formed at the interface between the deposited layer and the substrate. This is illustrated by the schematical representation of the layer geometry before and after annealing in figures 3a and 3b. In the XRD patterns a clear difference is observed between the samples without an Y2Cu205 capping on top of the BaCuO 2 layer on the one hand and those with such a capping on the other hand. From the samples without capping only very weak 123-1ines, originating from the underlying 123-interface, were detected. In contrast strong 123-1ines apparently originating from the 123-top layer, appeared in the XRD patterns of the capped samples. In none of the layers any preferential orientation was detected by XRD.
Annealing for two hours at 850=C appeared to be an optimal treatment for the capped Y2Cu205 / BaCuO 2 samples so far. In this case a relatively sharp superconductive transition is obtained, see fig. 5 (sample I). Increasing the 123-interface layer thickness by applying a longer annealing treatment (sample 5) resulted in much lower 123 X-ray intensities, higher resistivity above T c and a non-zero resistance below T e ( fig. 6 ). Apparently the top layer disappeared. After scratching the surface of this sample, a lower room temperature resistance and a lower resistance below T c was measured, see fig.  7 . ~rhese differences in resistivity are ascribed to a contribution of the 123-interface layer. This layer could only be contacted after scratching through the 123-top layer and the BaCuO 2 layer, see fig. 3b . The decrease in 211 content of the layers with longer annealing time at 850°C indicates that this compound acts as an intermediate phase in the reaction of Y2Cu205 with BaCuO 2 to the 123-compound. Though, together with 211, CuO should have been present it was not detected. This means that the CuO content was below the detection limit of the X-ray equipment.
The SEM fractograph shows that the thickness of the top layer in which Y, Ba, and Cu prevail, is about I ~m. The interface layer is even thinner. Consequently I ~m is about the maximum thickness of the 123-1ayer in these samples. A few preliminary conclusions on the diffusion processes that take place, can be drawn. First consider the formation of the 123-interface layer. Above the cracked boundary no Y was detected by EDAX. Only Ba and Cu were found in that region. Just below the boundary not only Y and Cu, but also Ba was detected. If this cracked boundary corresponds to the original substrate surface, this means that Y2Cu205 does not diffuse into the BaCuO 2 layer. BaCuO2, however, penetrates the Y2Cu205 substrate. If this assumption is valid, then the diffusion only proceeds one-way. A higher mobility of the BaCuO 2 phase with respect to the Y2Cu205 phase is expected for two reasons. First, the Y2Cu205 phase, which was prepared at about II00°C and sintered to a high relative density at 925°C, finds itself in a stable state while the BaCuO 2 phase, which was deposited as an amorphous phase, is less stable. Second, the BaCuO 2 phase, in contrast to the Y2Cu205 phase, is close to its melting point when the diffusion is carried out at 850°C. Next consider the 123-toplayer. Here the diffusion process is less clear. The starting situation is different: probably reaction and diffusion proceed faster because of the higher reactivity of the amorphous state of the laser ablated Y2Cu205 capping phase. This can explain why a thicker layer results.
At the moment it is not yet possible to make a fair comparison between the two types of layers that have been made. Probably the results, particularly for the layers on CuO, largely depend on the degree of chemical degradation of the layers before annealing. This causes discontinuities in the resulting 123-1ayers. Y2Cu205 / BaCuO 2 samples on which a capping had been applied showed better superconducting properties. In addition to chemical degradation also inhomogeneity in deposited layer thickness was observed.
For further optimization of the layers, a number of suggestions can be made. In order to prevent chemical degradation of the reactive, amorphous layers by reaction with water or carbon dioxide from the air an experimental setup for transfer of the samples from the vacuum chamber directly into the furnace is necessary. This setup is being realized at the moment. Furthermore the influence of layer thickness, homogeneity in layer thickness and substrate surface quality has not yet been examined. The influence of other heat treatments and the application of other gas atmospheres could also be investigated. Other deposition techniques could be tried as well. We choose for laser-ablation because it is quick, easy to operate and flexible. Finally, chemical compositions can be changed. It is not necessary to start with single phase substrates or layers. Phase mixtures can be used as well.
Conclusions
It is shown that it is possible to form superconducting thin 123-1ayers by a solid state diffusion reaction between two non-superconducting starting phases. For the CuO / Y2Ba407.CO 2 samples the best results showed an onset of the transition at about 90 K but a considerable tail in the resistancetemperature curve is observed. Zero resistivity was measured at 60 K. At present the best result is obtained by using a Y2Cu205 substrate covered with a BaCuO 2 layer and provided with an Y2Cu205 capping. Annealing for 2 h at 850 C in 02 results in a Tc midpoint of 83 K and a transition width of about 15 K. The Y2Cu205 / BaCuO 2 couple therefore appears to be a promising candidate. The fact that for the Y2Cu205 / BaCuO 2 samples with a capping of Y2Cu205 , a superconducting layer on top of the BaCuO 2 layer was found, indicates that it is worth considering to make a superconducting 123-1ayer on other polycrystalline substrates by depositing a sequence of layers and applying a heat treatment.
